determined by isotope-shift measurements [8] . However, the charge radius of 14 Be, which has a twoneutron halo [9] [10] [11] , had not yet been measured. A measurement of proton radius would provide a means to study the correlation of two halo neutrons in 14 Be as was done in 6 He [12] .
Determinations of the charge radii of light nuclei are extremely difficult for several reasons. First, it is difficult to produce cold ions or atoms of short-lived nuclei. Second, the isotope shifts are dominated by the mass shifts, which are not related to the radii. The field shift related to the radius can only be obtained by subtracting the theoretical mass shift from the observed value. Fortunately, owing to recent developments in ISOL techniques [12] [13] [14] [15] [16] and in atomic theory [17, 18] , the charge radii of He, Li, and Be were determined, except for 14 Be.
Consequently, it is desirable to have other methods to determine proton radii even if they are not as precise as isotope-shift measurements. Nucleon radii can be determined reasonably precisely using geometrical or Glauber models from σ I measurements [2, 19] . The charge-changing cross sections σ cc , when they are dominated by geometrical conditions similar to σ I , carry information about the proton distribution and proton radii [20] . Recently, the proton radii of 9−10 Be, 14−16 C, and 16−18 O isotopes have been determined by Yamaguchi et al. from σ cc using an empirical scaling law [21] . In the present experiment, the σ cc of Be isotopes have been measured at about 900 A MeV. Here the proton radius of 14 Be has been deduced by employing a geometrical analysis and from a Glauber analysis.
The relation between σ I and nuclear size was first investigated using He-isotope experimental data [22] . The σ I is written in terms of interaction radii determined empirically as
where R I (A) is the interaction radius of nucleus A, with P and T indicating the projectile and target nuclei, respectively. The predicted separation of the projectile and target radii in σ I was experimentally tested by various projectiles and targets [1] . Supported by this geometrical result, a Glauber model for σ I and σ R has been developed and used to determine the rms radii of unstable nuclei [2, 7, 23] . Ignoring the effect of neutrons in a projectile, σ cc in the optical limit can be written as
where T c (b) is the transmission function for proton removal from the projectile at impact parameter b. The transmission function T c (b) is written by the phase shift function χ(b),
with the thickness function ρ z related to the density by, e.g.,
where subscript i = p or n indicates protons or neutrons, respectively, and z is the coordinate along the direction of the incident beam. The profile function
describes the scattering of proton or neutron i, k with the appropriate parameter set [24] . The parameter β ik in the profile function is the range of the nucleon-nucleon interaction and depends on the 2/7 PTEP 2014, 101D02
S. Terashima et al. beam energy. The parameter α ik , the imaginary part of the profile function, does not affect the charge-changing cross section.
An energy-dependent scaling factor F is empirically introduced [21] based on the work of Bhagwat and Gambhir [25] :
They found that the observed σ cc are systematically larger than the calculated cross sections, and F(E) is a smooth scaling function of the beam energy. It is equal to approximately 1.1 at 600A MeV and is probably smaller at higher energies. The present data also show enhanced cross sections, but only by a factor of 1.02-1.07 as shown later. The σ cc of Be isotopes were measured at the FRS facility of GSI in Germany. Incident beams of 1A GeV 40 Ar and 22 Ne were used to produce secondary beams of Be isotopes. The production target was 5 g/cm 2 thick Be. A carbon reaction target of thickness t = 4.010 g/cm 2 was used. The energies of the Be isotopes at the center of the target are listed in Table 1 .
The experiments were performed at the final achromatic focus of FRS [26] . A block diagram of the detector system is presented in Fig. 1 . Incident particles are identified by E signals from MUSIC1 and the times of flight, which are determined by the time difference between the signals at the first plastic scintillator (Sci1) and at the other plastic scintillator placed at S2, the dispersive focus of the FRS located 36 m upstream. The σ cc are determined by the transmission method. The cross section is calculated by the ratio γ = N o /N i of the numbers of incoming and outgoing nuclei with same Z as σ cc = (1/t) ln(γ out /γ in ), where γ out is the ratio without the target and γ in is the ratio with the target in place. The incident beam identification is of high quality and fractional admixing of other nuclides is less than 10 −4 . The Z of the nucleus after the target is identified by MUSIC2, where the E signals are measured using eight anodes. Reactions in the MUSIC2 detector are infrequent and can be removed without influencing the final cross section because the effect is the same for target-in and target-out runs. For the present target thickness, γ in ≈ 0.7 and γ out ≈ 0.96.
Only the cross section for direct removal of protons is sought to determine proton radii. Therefore, reactions that only remove neutrons should not be counted as charge changing. However, such reactions appear as charge changing when 8 Be is produced by neutron removal from Be isotopes, because that nucleus decays immediately into a pair of 4 He nuclei. Since the decay energy is only 92 keV, the pair is emitted in almost the same direction in the laboratory with almost the same energy. They then give an energy signal corresponding to Z = 2.83, close to that of Li. A similar effect occurs for 6 Be during neutron removal from 7 Be. All proton dripline nuclei are subject to this problem because neutron removal results in proton emission. The decay energy of 6 Be is 1.4 MeV with a final state of p + p + 4 He so that it is not possible to identify it using the present setup.
The pulse-height spectra of MUSIC2 in the Z = 3 region was investigated carefully in order to estimate the 8 Be effect. The observed pulse-height spectrum for a single charge was a good Gaussian shape down to 10 −3 of the peak. The charge resolution of MUSIC2 was about Z ∼ 0.12 in sigma. In the case of the 9 Be beam, the pulse-height distribution showed a wide peak at Z ∼ 2.8 and a large shoulder at Z ∼ 3. After subtraction of the Z = 3 peak assuming a Gaussian shape, a significant peak was observed at Z = 2.75 on top of the tail of the Z = 2 spectrum. The production of 8 Be was estimated from the counts in this peak, and the cross section was subtracted from the observed σ cc . Although there was clear evidence of production of 8 Be by one-neutron removal, the determination of the associated cross section had a large uncertainty. For example, the peak position is not exactly at Z = 2.83, probably due to over-subtraction. In addition, the width of the two-4 He spectrum appears narrower than expected. For the case of 10 Be, the effect of two-4 He appears as a shoulder on the lower side of the Z = 3 peak, indicating a small contribution from 8 Be (two-neutron removal). No visible evidence of 8 Be was observed for the other neutron-rich isotopes of Be. The details of the analysis will be published elsewhere. The final results of the charge-changing cross sections are listed in Table 1 . The results are also presented in Fig. 2 . The experimental data are plotted as filled squares. The errors for 9 Be and 10 Be are larger than those for the other nuclei because of the additional uncertainties in the correction for 8 Be production as described above.
Firstly the σ cc are calculated using the 12 C density distribution, which gives a charge radius consistent with 12 C + 12 C experiments. Both the fermionic molecular dynamics (FMD) and harmonic oscillator model densities are consistent with the observed value. A calculation for the σ I also shows good agreement. Those values are shown in the last two columns of Table 1 . The Glauber calculations are therefore valid for 12 C + 12 C cross sections. For Be isotopes, two different model density distributions are used: the FMD model combined with the unitary correlation operator method [27] and the antisymmetrized molecular dynamics (AMD) model [20] .
The charge radii by the FMD model [30] reflect the structure of the isotopes, including the distance between alpha clusters and the formation of neutron halos. Strong mixings of sd configurations are important for 12 Be and 14 Be. These features are consistent with experimental results from oneneutron breakup reactions and interaction cross section measurements [11, [31] [32] [33] general trend in the radii for different isotopes is properly reproduced, the charge radii are smaller than the experimental values obtained from isotope-shift measurements [34, 35] .
The σ cc of the Be isotopes are underestimated by about 7% in FMD, as shown in Fig. 2 by open circles. However, the proton radii of the FMD model are smaller than the observed value, as shown in Fig. 3 . The cross sections scaled to account for these differences in radii are plotted in Fig. 2 by filled circles. The agreement is better, with discrepancies of less than 3%. The observed trend is correctly reflected. The matter radii of the FMD densities reproduce the observed matter radii to within a few percent, except for 14 Be where the deviation is 10%, as also shown in Fig. 3 . The AMD model calculations have previously been performed [28] using the Gogny D1S interaction and the same procedure is employed in the present calculations to obtain the density distributions. The basis wave functions for multi-configuration mixing are obtained using the matter quadrupole deformation as the generator coordinate. The AMD densities can account for the σ cc as shown in Fig. 2 . However, as seen in Fig. 3 , the proton radii of the AMD densities are significantly larger than the experimental values. Furthermore, the matter distributions are reproduced for neither 10 Be nor 12 Be.
The diamonds in Fig. 2 show the Glauber results for harmonic oscillator density distributions of 10−12 Be that reproduce the measured proton radii. They show the same behavior, as do the scaled FMD calculations, with only about 5% differences from the experimental values. As seen above, the Glauber model gives reasonable results if the correct proton radius is used. Recently, Horiuchi et al. have also tested such behavior [36] .
The present model only uses the proton density distribution for the projectile nucleus and not the neutron distribution. The neutron density may affect the proton removal, and thus it should be taken into account in future work. The present geometrical model of the charge-changing cross sections is, however, valid to within a few percent. In particular, the relative changes in the proton radii are well described by the Glauber model. The geometrical interaction radius and the Glauber model are combined to evaluate the proton radius of 14 Be in the following discussion.
In the geometrical interaction radii model the σ cc is modeled as
, where R I = 2.61 ± 0.02 fm is the interaction radius of 12 C determined from the 12 C + 12 C reaction in Eq. (1). The interaction proton radius is R Ip . Assuming that the rms proton radius R p and the R Ip are proportional to each other, the ratio Γ = R p /R Ip can be used as a scaling factor. The average value of the ratio for 9 Be, 10 Be, 11 Be, and 12 Be is Γ av = 1.142 ± 0.026, which exhibits only a 2% fluctuation in the standard deviation. Next, R p for 14 Be is determined from the measured value of σ cc to be Γ av R Ip ( 14 Be) = 2.40 ± 0.07 fm. Because 9 Be and 10 Be have extra uncertainties due to the 8 Be correction, the errors are much larger and result in a large fluctuation in Γ av . Therefore these two isotopes were excluded from the average, giving Γ av = 1.147 ± 0.014. The value is not very different but the fluctuation is smaller. The deduced proton radius of 14 Be in this case is 2.42 ± 0.02 fm.
As already discussed, the Glauber results scale with the observed σ cc if the known proton radii are used. Therefore, the Glauber model described by Eq. (2) is used here with a harmonic oscillator density [2] . The oscillator densities with two size parameters for protons and neutrons, a p and a n , are used. The size of 12 C is determined by the interaction cross section of 12 C + 12 C assuming that a p = a n . The σ cc for 12 C + 12 C is well reproduced without using any scaling factor. Using the proton density distributions that reproduce the charge radii of 10−12 Be, σ cc are calculated by the Glauber model. The scaling factor F for the ratio of the experimental values to the calculated cross sections is found to be 1.071 ± 0.019. The difference between the Glauber model and the experimental values is only 7%. Using this factor, the size parameter of 14 Be is determined. The rms proton radius of 14 Be is then calculated to be 2.41 ± 0.03 fm. This value is also plotted in Fig. 3 as a diamond.
The experimentally determined proton and matter radii and those of the two theoretical models are also compared in Fig. 3 . The AMD calculations [29] show larger radii for most of the isotopes. The FMD model underestimates the proton radii but the general trend from one isotope to another is roughly reproduced. The trend for the matter radii is also reasonably well predicted by the FMD calculations.
In summary, the charge-changing cross sections (σ cc ) of 7,9−12,14 Be isotopes have been measured. The relation to the proton radii of the isotopes was studied using the geometrical and Glauber models. A Glauber model of the σ cc using FMD densities was found to underestimate the values by a few percent even after correcting it using the known charge radii of the Be isotopes. Nevertheless, the calculated σ cc are proportional to the charge or proton radii. For this reason, a geometrical treatment of the σ cc is a reasonable assumption. The proton radius of 14 Be was deduced using both the geometrical interaction radii model and the Glauber model. They gave consistent results with an overall value for the proton radius of R p = 2.41 ± 0.06 fm.
